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We report on backward second-harmonic-generation in bulk periodically poled congruent lithium
niobate with a 3.2 m period. A tunable continuous-wave Ti:sapphire laser allowed us exciting two
resonant quasi-phase-matching orders in the backward configuration. The resonances were also
resolved by temperature tuning and interpolated with standard theory to extract relevant information
on the sample. 
Periodic domain inversion by electric field poling of
nonlinear ferroelectric crystals is a well known technique to
achieve efficient three-wave interactions via quasi-phase
matching QPM.1,2 Backward-second-harmonic-generation
BSHG, an up-conversion process with the fundamental
frequency FF and its second harmonic propagating in op-
posite directions, was introduced by Harris in Ref. 3 and
studied in detail in Refs. 4 and 5. Its first experimental ob-
servations via QPM were reported in multilayer semiconduc-
tor heterostructures6 and in periodically poled PP congruent
lithium niobate LN,7,8 exploiting high orders of resonance
in gratings of periods of 3–4 m. Recent technological im-
provements allowed fabricating submicron-period gratings in
potassium titanyl phophate KTP waveguides and bulk, ob-
serving BSHG at lower QPM orders.9,10
Among the configurations to be implemented in counter-
propagating configurations, Conti et al.11,12 proposed purely
nonlinear gap-solitons and cavityless oscillators, Canalias et
al.13 demonstrated a mirrorless optical parametric oscillator
in bulk KTP. BSHG by a continuous wave cw input in
PPLN was previously reported only in Ref. 14, even though
this type of excitation seems to be more appropriate for fine
tuning the FF wavelength to the very sharp resonances
characteristic of this parametric process.
Herein we describe fabrication and cw nonlinear charac-
terization of a 3.2 m-period PPLN bulk sample. After dis-
cussing first-order QPM for forward SHG, we report our
results on backward SHG with two different resonant orders,
using thermo-optic adjustments as well as FF wavelength
tuning. The experimental results are in good agreement with
the predictions and, through standard modeling, permit a di-
agnostic assessment of the technologic shortcomings.
The sample was prepared in a polished optical-grade wa-
fer of congruent lithium niobate 500 m thick. By standard
photolithography a one-dimensional grating 15 mm long
and 10 mm wide of period 3.2 m was defined over a
length of 3 mm on a 2-m-thick film of positive photoresist
Shipley S1813 spin-coated on the Z facet. After develop-
ment, the pattern was soft-baked overnight at 90 °C and
hard-baked for 3 h at 130 °C. The curing temperature was
raised gradually in order to avoid problems deriving from the
pyroelectric effect. This treatment provided a better adhesion
between the photoresist and the substrate while improving
insulation. For the poling, the sample was contacted with
gel-electrolyte layers and subjected to high voltage pulses
supplied by an amplified Trek waveform generator Agi-
lent. In order to exceed the LN coercive field and obtain a
charge-controlled domain inversion, we applied single 1.3
kV pulses over a 10 kV offset for appropriate time intervals.
With this approach, the inverted domains enucleated from
the Z facet in the region under the electrodes and extended
toward the +Z facet before coalescence occurred.15,16 Finally,
the end-facets of the chip were polished before proceeding
with the characterization.
We used a cw 40 GHz line-width Ti:sapphire laser tun-
able in wavelength between 860 and 1000 nm; with an
f=11 mm lens the TEM00 beam was gently focused to a
waist of 30 m in the middle of the poled area, keeping the
crystal at a constant temperature of 195.0 °C to reduce or
avoid the risk of photorefractive damage. The FF beam was
mechanically chopped at 133 Hz and the generated SH was
collected by a photomultiplier tube for synchronous detec-
tion; the residual pump was eliminated with the aid of a
dichroic mirror and selective filters. First we studied the SH
generated forward via first-order QPM by light at FF
=862.33 nm. We spectrally resolved the QPM-SHG reso-
nance by varying either the wavelength Fig. 1a or the
temperature Fig. 1b while keeping the other parameters
constant. We verified the quadratic growth of the SH versus
FF input power Fig. 1c and interpolated the experimental
data with the standard expression of the SHG efficiency
conversion.2,17 Assuming a good overlap between the FF
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FIG. 1. Normalized SHG efficiency a vs FF wavelength and b tempera-
ture for an input power of 0.7 mW; c parabolic trend of the generated SH
vs FF input power at the QPM resonant wavelength. The solid lines are from
the model; the dashed lines connecting data points are guides to the eyeS LETTERS 96, 111110 2010
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beam and the poled domains, using the value of 25.2 pm/V
for the quadratic element d33 nonlinearly coupling FF and
SH electric field components along the optic axis,18 we esti-
mated a QPM duty-cycle around 75:25 and a period of
3.2 m. The measured full-width at half-maximum of 0.24
nm corresponded to a QPM interaction over 3 mm, i.e., the
total length of the grating with a uniform period of nominal
value.
The set-up for backward-SH measurements is sketched
in Fig. 2. The output facet of the sample was slanted in order
to decouple the forward-generated SH-back-reflected at the
LN-air interface-from the sought BSHG. Nonetheless, owing
to wave vector spreading, a small amount of forward-
propagating SH light was generated by out-of-resonance ran-
dom components of the QPM grating19 and collected through
the input lens.
Figure 3a shows the normalized BSHG conversion ef-
ficiency versus input FF wavelength for the 29th and 30th
orders of QPM-BSHG. The different background levels at
SH are ascribed to the random QPM contributions, due to
domain nucleation and corresponding to spread-out periods
with unequal SHG efficiencies.20 The presence of frequency-
doubled signal in both odd and even resonant orders is at-
tributed to the unbalanced duty-cycle. Noteworthy, a duty-
cycle variation of only 1.7% with respect to the ideal 50:50
can cancel out BSHG at the 29th order, letting a resonance
peak emerge at the 30th see Fig. 3b. Translated in domain
size, such a variation corresponds to a wall motion of 54
nm over the nominal coherence length of 1600 nm. The
BSHG power at resonance grew quadratically with FF exci-
tation, as graphed in Fig. 4a.
From the BSHG data we evaluated the QPM grating in
terms of period, effective length, duty-cycle, and spatial
overlap between FF beam and poled domains i.e., effective
cross-section. The periodicity as extrapolated from back-
ward SH resonances is less affected by an inaccurate
knowledge of the refractive index dispersion as compared to
forward SHG. Moreover, when using a cw excitation the
tolerances are more stringent in BSHG than in forward SHG.
Therefore, BSHG measurements can be exploited as sensi-
tive diagnostics of QPM gratings.2,10 The spectral location of
the resonances in Fig. 3a allowed us calculating a period of
about 3.194 m; the ratio between the two peaks yielded a
duty-cycle close to 74.8:25.2. These values are consistent
with those obtained from forward SHG and provide extra
details in the diagnostics. From the resonant bandwidths in
Fig. 3a we calculated an effective length of 0.5 mm 16.7%
of the grating length and, from the data in Fig. 4a, an
effective cross-section 8% of the FF beam profile. The
estimates, however, are affected by undesired irregularities
of domain walls, because the presence of random QPM low-
ers the overall coherence of the process, widening the reso-
nances and reducing the effective length and the conversion
efficiency; hence, the values above should be considered
conservative estimates as randomness was not accounted for.
Finally, Fig. 4b shows the normalized BSHG conver-
sion efficiency 30th order versus temperature, the latter
permitting us a finer tuning of the resonance. The inset
graphs a detail of the resonant FF wavelength shift versus
temperature, the solid line being calculated from the tem-
perature dependent Sellmeier equations for LN as provided
by the crystal supplier.
In conclusion, we reported blue-light generation in bulk
PPLN via counter-propagating frequency doubling. An un-
balanced duty-cycle resulted in both odd and even reso-
nances of the quasi-phase-matching grating. A numerical as-
sessment of the experimental data against standard SHG-
BSHG model allowed us to estimate relevant parameters of
the sample.
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FIG. 2. Color online Set-up for BSHG measurements. HWP stands for half
wave plate and OSA for optical spectrum analyzer. Additional filters are not
shown.
FIG. 3. a Normalized BSHG conversion efficiency vs FF wavelength for
29th and 30th QPM orders: data circles are compared with the predicted
tuning for effective QPM lengths of 0.5 mm solid lines and 3 mm dashed
lines. b Calculated normalized conversion efficiency vs duty-cycle for
29th solid line and 30th dashed line at their respective resonant
wavelengths.
FIG. 4. a Measured circles and calculated solid line BSH output power
vs FF excitation for the 30th resonant order. b Normalized conversion
efficiency for the 30th BSHG order vs temperature: the input FF wavelength
is 947.053 nm; the inset details a comparison between experimental data
circles and the calculated resonant FF wavelength shift vs temperature
solid line.Appl. Phys. Lett. 96, 111110 2010
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